The paradigmatic DNA binding domain from the transcription factor Zif268 contains three zinc finger modules in tandem repeat. When bound to their cognate DNA site the fingers read out the sequence of one DNA strand by making a linear series of successive base contacts. It is shown that the base-specific protein-DNA contacts made from the ends of the Zif268 three-finger array contribute less to the stability of the intermolecular complex than do structurally equivalent contacts from more central regions of the DNA binding domain. The effect is akin to the end fraying observed in duplex nucleic acid molecules.
INTRODUCTION
Zinc fingers of the type originally discovered in TFIIIA (1) are autonomously folding mini-domains found in hundreds of eukaryotic proteins. Each zinc finger module comprises only ∼30 amino acids and folds into a ββα motif, stabilized by chelation of zinc between a pair of cysteines from the β-sheet and a pair of histidines from the α-helix (2,3). The small globular structure often functions in nucleic acid binding and, particularly, in sequence-specific recognition of DNA, which is the key to function of transcription factors (4) (5) (6) . DNA binding zinc fingers related to those of the mouse transcription factor Zif268 (7) employ such an apparently simple mode of DNA recognition (8) (9) (10) (11) that they have become a useful paradigm in our understanding of protein-DNA interactions (12) and have been used successfully as scaffolds in the design of DNA binding proteins with predetermined sequence specificity (13) (14) (15) (16) (17) (18) (19) (20) ; for a review see 21) .
The small size of the zinc finger limits individual modules to the recognition of only a few adjacent base pairs in duplex DNA, but allows multiple tandem modules to wind round the major groove of DNA, thus recognizing a longer run of bases (9, 10) . In the crystal structure of the Zif268 fingers bound to DNA (9, 22) three modules occupy the major groove of the DNA in series, each making base-specific contacts to overlapping 4 bp subsites (23) . Specificity arises from 1:1 interactions between residues in four positions of each zinc finger α-helix (positions -1, 2, 3 and 6) and the DNA bases ( Fig. 1a and b) . The protein interacts with both strands of the DNA, but the majority of contacts are with the guanine-rich strand, whose 5′→3′ direction runs antiparallel to the N→C direction of the bound protein. This mode of recognition of the DNA base sequence, where a linear series of contacts are made to adjacent bases in the major groove, is reminiscent of a third nucleic acid strand bound to a DNA duplex in formation of a triple helix (24) .
Although the complex between the DNA binding domain of Zif268 and DNA is well understood in structural terms, there has been comparatively little characterization of the kinetics and thermodynamics of the interaction. Such data will be required in order to fully understand the physiological function of the large family of zinc finger transcription factors and to formulate more effective strategies and methodologies for design and selection of sequence-specific zinc fingers. An important unanswered question, first raised after unexpected results on permuting the order of zinc fingers in an array (19) , is whether the series of base-specific contacts made from a zinc finger protein are each equally important to stability of the complex. Recent experiments would suggest that this is not the case, as it is relatively difficult to design or select zinc finger proteins which strongly discriminate the extremities of their binding sites (M.Isalan, C.Rackstraw and Y.Choo, unpublished results). Here the likely cause of this difficulty is shown, namely that base-specific interactions at the edge of the Zif268 complex are weaker than similar interactions embedded in the core of the complex.
MATERIALS AND METHODS

Construction of mutants
The wild-type Zif268 DNA binding domain (Fig. 1a) had been previously displayed as a fusion to the minor coat protein (pIII) of Fd phage in the vector Fd-Tet-SN (15) . Escherichia coli TG1 colonies transformed to tetracycline resistance with this construct were used as a source of template for colony PCR using mutagenic primers to create mutants R18G and R74G, in which the arginine residues at positions 18 and 74 respectively were mutated to glycine. The mutant R46G, in which the arginine residue at position 46 was mutated to glycine, had been previously isolated from a cloning artefact during construction of the wild-type clone. Substitution of glycine was chosen because the residues occur in a turn region which connects the β-sheet and α-helix of a zinc finger. PCR fragments were digested with SfiI and NotI restriction enzymes and cloned into similarly digested Fd-Tet-SN vector for phage display. 
Binding studies by phage ELISA
Overnight bacterial cultures were grown in 2× TY containing 50 µM ZnCl 2 and 15 µg/ml tetracycline. Culture supernatants, which contained phage displaying the appropriate zinc fingers (10 12 c.f.u./ml), were diluted in an equal volume of phosphate-buffered saline + Zn (PBS with 50 µM ZnCl 2 ) containing 4% (w/v) fat-free powdered milk (Marvel) and 2% (v/v) Tween-20. Appropriate concentrations of 5′-biotinylated DNA binding sites were added to 50 µl phage solution, together with 1 µg poly(dI-dC) competitor. Mixtures were immediately transferred to the wells of a high capacity streptavidin-coated microtitre plate (Boehringer), previously blocked with PBS + Zn containing 4% (w/v) fat-free powdered milk (Marvel), and binding allowed to proceed for 1 h at room temperature. Unbound phage were removed by washing six times with PBS + Zn containing 1% Tween-20, followed by three washes with PBS + Zn. Bound phage were detected using HRP-conjugated anti-M13 IgG (Pharmacia) and TMB (Sigma) as substrate, according to the manufacturers' instructions. The ELISA for each titration was developed for 1 min and the colourimetric signal was quantitated by subtracting A 650 from A 450 using SOFTmax 2.32 (Molecular Devices) and plotted as a function of DNA concentration using Microsoft Excel.
RESULTS AND DISCUSSION
Each zinc finger in the Zif268 DNA binding domain contains an arginine-serine-aspartate tripeptide (RSD motif) which functions in DNA recognition. In each RSD motif the arginine residue makes a bidentate contact to DNA, donating hydrogen bonds to the O6 and N7 atoms of guanine (9), while the aspartate provides a buttress which enhances specificity of the base contacts and also makes an important contact itself, to a base on the complementary DNA strand ( Fig. 1b; 23 ). In the crystal structure the three RSD motifs are seen to bind guanine with identical geometry and on that basis one might presume that the thermodynamics of the interactions are also identical. The three interactions are, however, topologically distinct: of the nine bound bases on the antiparallel DNA strand the RSD motif of finger 1 contacts the first base, while those from fingers 2 and 3 contact the fourth and seventh bases respectively (Fig. 1b) . In other words, the RSD motif of the first finger makes a contact from the edge of the zinc finger array, while the analogous contacts from the following fingers are embedded in the complex. The contribution of the RSD motifs to stability of the Zif268 complex was studied by creating three constructs, each with the same mutation in a different motif. To disrupt the DNA contacts, the arginines (residues 18, 46 and 74), which occur in the turns directly preceding the recognition helices, were mutated to glycine. Mutant zinc fingers were expressed on the surface of filamentous phage as fusions to the minor coat protein (15) and DNA binding was assayed by measuring zinc finger phage adhesion to microtitre plate wells coated with varying amounts of DNA (16) . When phage displaying the wild-type DNA binding domain were applied to the plate a characteristic sigmoidal titration profile resulted which saturated at ∼12.5 nM (Fig. 2) . Mutation of the RSD motif in the first zinc finger reduced the apparent binding affinity relative to the wild-type protein by about a factor of 10. However, the same mutation in either finger 2 or 3, where the disrupted contacts are not at the ends of the complex, had a much larger effect, virtually abolishing binding in the range of DNA concentrations used in this assay. The finger 3 mutant started to bind at a DNA concentration of ∼25 nM, suggesting that the disruptive effect of the mutations might be in the order 2 > 3 > 1, thus correlating with the proximity of the disrupted contact to the centre of the binding site (Fig. 1b) . Hence, stereochemically identical interactions make a variable contribution to stability of the complex, depending on their position in the linear order of zinc finger-DNA contacts.
To investigate whether this end effect applies to both extremities of the Zif268 complex, the protein-DNA contact made from the C-terminal end of the zinc finger array was also mutated. The 5′ base of the DNA site on the antiparallel strand is bound by Arg80 in the recognition helix of finger 3 (Fig. 1b) via a bidentate interaction with guanine, similar to that of the RSD motif, albeit without an aspartate buttress. Mutation of Arg80 to alanine gave roughly a 2-fold reduction in complex stability, which was in fact less than that observed for mutation of the RSD motif of finger 1 (Fig. 3) . Hence, when the base-specific interactions at both ends of the zinc finger array are individually deleted there is a relatively small effect on complex stability. The effect of disrupting the N-terminal contact from the zinc finger array was greater than that of disrupting the C-terminal contact. The difference is likely due to the fact that in the case of the RSD motif the arginine-guanine contact is stabilized by the adjacent aspartate residue of the motif, which also contributes a DNA contact that is probably disrupted on mutation of Arg18 (23) . In contrast, at the C-terminal end of the finger array Arg80 contacts guanine without a buttress and its interaction would be expected to be intrinsically weaker.
The poor intermolecular interactions at the edges of the Zif268 complex can be expected to result in relaxed discrimination of base sequence by the DNA binding domain. While wild-type Zif268 has a discernible base preference at the borders of the binding site, single point mutations in the extremities of the minimal DNA binding site are relatively innocuous to complex formation (see for example Fig. 4 ). It would appear that at the 3′-border of the Zif268 binding site there is marginally stronger preference for guanine than at the 5′-end (data not shown). This asymmetry in sequence specificity was borne out independently by the informative binding site selection experiments of Swirnoff and Milbrandt (25) , which revealed stronger discrimination at the 3′-end of the binding site (guanine selected in 100% of sites) than at the 5′-end, where guanine (93%) and adenine (7%) were selected. The relatively high levels of discrimination indicated for the weak end contacts in these experiments presumably result from amplification of relatively weak binding preferences by the iterative selection protocol.
Interestingly, when the mutated Zif268 construct containing glycine at position 18 was screened for base preference at the 3′-end of the binding site adenine was found to result in a stronger interaction than the other three bases (Fig. 4) . In the absence of DNA binding from position 18 this base preference may be an indication of a contact from another part of finger 1, but this is unlikely, since the preference remains even after mutation of further helical positions in related designed zinc finger proteins (Y.Choo, unpublished work). Another explanation is that adenine provides a more favourable structural context for the preceding base, cytosine, which is in van der Waals contact with a zinc finger glutamate residue (see Fig. 1b; 22) . The importance of the sequence-dependent variation in DNA structure is supported by the crystal structure of the zinc finger protein Tramtrack, where the DNA contact from the N-terminus of the two-finger array requires a deformation of the DNA which can occur only in a given sequence context (10, 26 ). An apparent sequence-dependent effect is also observed at the 5′-end of the Zif268 complex (data not shown), where a thymine located 5′ of the last contacted nucleotide of the binding site raises the affinity of the wild-type Zif268 zinc fingers for the DNA site by at least a factor of two and results in the appearance of that thymine (87%) in binding site selections (25) . Experience in zinc finger engineering shows that effects apparently caused by the DNA structure can be quite severe and are probably not limited to the border of the binding site.
The results have implications for the design of zinc finger phage display experiments to select highly sequence-specific DNA binding domains. The weaker contacts made by the outer base recognition positions suggest that selection might be more effective if the randomized finger is bounded by at least one other in an array: this could be one reason why selection from a library of the middle finger of Zif268 can occur after just two or three rounds (15) , compared with between five and nine rounds using libraries of randomized end fingers (13, 14, 20) . Certain libraries in which only the very end contacts are randomized (M.Isalan, C.Rackstraw and Y.Choo, unpublished results) have proven quite refractory to standard phage selection protocols, presumably owing to lack of strong selective pressure on these weak interactions.
CONCLUSION
The precise contribution of each intermolecular contact to stability of a zinc finger-DNA complex is potentially determined by a number of factors. One of these is the chemical nature of the amino acid-base interaction: despite the simple mode of DNA binding, residues from the base recognition positions of zinc fingers have been observed to make a variety of hydrogen bonding and hydrophobic contacts to the edges of base pairs. Moreover, the strength of one particular type of amino acid-base contact could vary across the three primary base-contacting positions on the zinc finger framework. Effects could arise, for instance, as a result of the contribution of the helix dipole to the strength of a contact from the N-terminus of the recognition helix (position -1).
In this paper it was asked whether the position of the intermolecular contacts from a multi-finger array affects binding affinity. Three chemically and geometrically identical protein-DNA contacts in the Zif268 complex were disrupted, revealing that their contribution to complex stability was variable, with that of the contact at the N-terminal end of the zinc finger array being of lesser significance than those of the more central interactions. The contact which occurs at the C-terminal end of the complex was also shown to be relatively weak, suggesting that the thermodynamic contribution of individual zinc finger-DNA contacts is subject to end effects.
This phenomenon probably arises as a direct consequence of the unique linear series of protein-DNA contacts observed in the Zif268-type of zinc finger-DNA complex. It is likely that in such a series of intermolecular hydrogen bonds those which are neither highly constrained nor shielded from solvent on both sides by similar interactions have the potential to dissociate more rapidly from the protein-DNA complex. All other factors being equal, this general effect could be expected to propagate part way along the series of contacts towards the centre of the binding site, so that the most stable interactions would be found at the core of the complex. A related question is the extent to which extra fingers added to a protein such as Zif268 would increase affinity for a DNA site by extending the core of the complex. Interestingly, a recently constructed hexadactyl protein binds its DNA half-site with only a 10-fold lower K d relative to the full-length site (27) . As zinc finger binding has been observed to unwind DNA (28) , the benefit of extending the array of intermolecular contacts may be overcome by the energetic penalty of distorting the DNA structure.
Zinc fingers are flexibly linked in solution and become ordered relative to each other only when bound to DNA. There is still no information on the mechanism of zinc finger docking onto DNA which, to some extent, must be co-operative. Moreover, little is known of the dynamics of zinc finger-DNA complexes, particularly the rates of dissociation of individual fingers from the DNA. In future, physical techniques such as NMR (29) could be used specifically to investigate this possibility, but for the moment an analogy might be made between a complex of zinc fingers bound to DNA and a nucleic acid double helix, where the regions of lowest thermal stability are normally to be found at the termini.
